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Abstract
Different tillage practices including conventional and minimum tillages were conducted over several years on a loamy soil, in Gembloux (Belgium). Numerous soil properties were measured in order to evaluate these tillage practices on soil structure, workability, aeration, biological behaviour, ... with the final aim to establish the mechanisms in order to improve the yields and the economical returns of a given crop. This paper presents results concerning measurements of dry bulk density, soil structure and microrelief.

INTRODUCTION
In order to compare conventional cultivation and no-tillage, it is useful to have data providing information about their respective characteristics. The physical soil properties may be classified in three main groups. The state of compaction is measured by the dry bulk density. The internal geometry is assessed by soil structure quantification, water content, hydraulic conductivity, air permeability and soil roughness. The mechanical strenght is indicated by tri-axial-tests and cone index. In this paper, some of these physical measurements are presented and show to a certain extent differentiation between conventional cultivation and minimum tillage, on a loamy soil.
MATERIAL AND METHODS
Experimental field
Four tillage systems were conducted over an 8 year period starting in 1983 in Gembloux (Belgium), at the Station de Phytotechnie (6), on a rotation including sugar beet, wheat and barley. These four tillage were:
1. Conventional tillage: after wheat harvest for example, a stubble cultivation is carried on, followed by ploughing (mouldboard plough with 16-in bottoms, plough depth of about 20 cm), preparation of seedbed (spring-tine cultivator + crumbier roller + rotary harrow) and sowing of winter barley;
2.  Tillage varying according to the circumstances: the aim of this tillage is to decrease machine depth and the number of operations;
3. Sub-soiling: this treatment is similar to the last one but it is accompagnied by one sub-soiling per rotation;
4. Minimum tillage: this treatment aims at reducing mechanical energy and labor requirements. In the present case, it excludes the use of deep tillage machines and consists only in seedbed preparation with a spring-tine cultivator and rotary harrow, before sowing of winter barley.
The experiment is repeated on three plots of 2.5 ha each, designed following a 4 x 4 latin square. For the needs of our workshop, only the results concerning tillage 1 and 4 will be analysed. The plots are homogeneous to a certain extent, nevertheless some textural variability is noticed, as can be seen in Fig. 1. The parcels tested (numbered 198, 206, 224, ...) are presented in the triangular textural diagram in Fig. 2 (6). All parcels belong to loam, silty clay loam or sandy silt loam. Parcel 206 may perhaps be distinguished from the others: its clay content is superior to 25 %. The fields are chosen as horizontal as possible, although the plot presented in Fig. 1 has a slope of about 3 % in the direction of the arrow. In this paper, the expressions "plateau" will be used to characterize parcels 198 and 206 and "depression" to designate parcels 277 and 287.

Figure 1: One of the three experimental plots (6). The numbers in the upper left corner of the squares refer to the treatment (1: conventional tillage, 4: minimum tillage,...). The parcels in black correspond to our field of interest. For example, 198 designates a parcel on minimum tillage, located on loam.


Figure 2: Soil textural classes and the experimental parcels (6).


Table 1: Atterberg's limits of the experimental parcels (5).






The state of compaction is often expressed as the soil dry-bulk density, soil porosity or void ratio. These quantities can be easily measured on a physical basis. Even if they do not reflect the complex distribution of pores within a soil volume and do not give any information about their number, geometry, size, shape,... they are of great utility as a basis of comparison with other situations and as an indication of structural changes. At the beginning of the trials, the dry bulk density was measured in laboratory as the mass of oven-dried soil present in a given volume of soil. Later, thanks to a gamma probe, the soil dry bulk density was mesured directly in the field.
Soil structure quantification
As defined by Dexter (4), soil structure may be defined as "the spatial heterogeneity of the different components or properties of soil". Different methods are useful to estimate the size distribution of pores. In the Faculté des Sciences Agronomiques de Gembloux, we observe pore spaces on sections made through soil samples impregnated with resin. Two main types of sections can be useful: thick sections for analysis by reflected light and thin sections for analysis by transmitted light. Thick sections have been chosen here as they are easier to prepare than thin ones and as they are useful for analysing macropores.
The method can be described as follows (9). Undisturbed soil samples were collected from the Ap horizon using tubes of 10 cm diameter, 12 cm height and 3 mm wall thickness. The soil samples were dried at 40°C to ensure the departure of water without altering soil structure. When dried, the samples were impregnated in a vacuum so that the resin would fill the smallest pores possible. A white pigment was added to give a good contrast between the pores and the aggregates. The proportion of the resin-hardener-white color mix was adjusted to produce a good compromise between the viscosity of the mix (a low viscosity allows a good filling of the voids and is obtained with a small proportion of hardener) and the time of hardening (this is shorter when the proportion of hardener increases). The time needed to obtain hard samples varied between 3 and 4 weeks. Once the samples were hard, they were cut vertically down the middle and, thanks to the white colour, the distribution of voids and aggregates was clearly visible.
Photographs of sawn sections of the samples were prepared for analysis by a Quantimet 720 image-analysing computer (80 x 64). The initial sample size was thus reduced. About 18 mm was removed on each side of the sample and the bottom was not taken into account. Now the Quantimet 720 image-analysing computer has become obsolete and we use an interactive image processing and analysis software. Thanks to this technique, it is possible to classify the pores according to their size, shape, ...
Measurement of soil microrelief
As noticed by Dexter (4), seeds need to be in a certain structural environment for optimum germination and early growth. The optimum seedbed provides adequate soil-seed contact for water supply to ensure swelling and germination and also adequate aeration. Sometimes raindrop impact might create soil crusts, preventing the seeds from emergence. These crusts are characterized by their flat microrelief or their poor roughness as defined by Kuipers (1).
In the Faculté des Sciences Agronomiques de Gembloux, we use a profilemeter to characterize the soil microrelief resulting from conventional and minimum tillage (8) based on the optical device shown in Fig. 3. It consists of a projection unit and a receiving unit mounted on a rigid beam. A lens in the projection unit focuses the light emitted by a pulsed solid-state IR-laser illuminating a small area (0.1 mm) of the soil surface. A proportion of this energy is diffusely scattered and a lens in the receiving optical system collects a fraction of the reflected light, focusing an image of the illuminated spot on to a linear array of photodiodes. When the surface level moves vertically, the image will form on the photodetector at a different point than previously, according to the relative distance between the device and the surface. This distance is then converted into an electrical signal.
The transducer is mounted on a carriage, moving along a rigid beam, thanks to a stepper motor. The frame is mounted on rails, fixed to the ground. The distance over which the transducer can move is equal to 553 mm and it makes 512 measurements over this distance. This corresponds to one measurement every 1.08 mm. On the basis of the Nyquist frequency, the minimum particle diameter which can be detected is thus roughly equal to 2 mm.
A full statistical analysis of surface relief was achieved using the technique of spectrum and autocorrelation analysis. The measured heights were transformed into a power spectrum, expressing how the mean square value (or the variance) of the surface profile is distributed amongst different ranges of spatial frequencies. The autocorrelation function is also computed, it represents the correlation between the heights of all couples of points separated by a certain lag along the profile.






Some results are indicated in Fig. 4 (2). They correspond to measurements made in summer before the wheat harvest.
When ploughed, the soil exhibits two different zones. In the upper horizon the range of dry bulk densities is 1.32 - 1.50 g/cm3 while it reaches 1.45 to 1.55 g/cm3 between 30 and 40 cm depth. At the upper horizon, the soil is in equilibrium with its environment (the root biomass, the macrofauna such as earthworms and micro-organisms, ...) and acquires a structural stability which enables it to withstand natural forces. The higher values measured between 30 and 40 cm depth may be explained by previous passages of ploughs working at 30 cm depth: the mouldboard that lifts soil and transmits forces to the base of the furrow via the tractor wheels causes the formation of a plough pan which may restrict the drainage of water and the penetration of air and roots. As the plough depth of the trials is now limited to 20 cm, this plough pan will remain in the soil unless a sub-soiler is used.
With minimum tillage, the bulk density and hence the soil compaction keeps to some extent the same values throughout the measurement depth. Other measurements repeated later, at different periods of vegetation, show the same trends. For the upper layers, the favourable effect of a plough which reduces soil cohesion at a depth of 20 cm does not exist. It is also probable that the plough pan created by tillage prior to the trials is responsible for the soil compaction between 30 and 40 cm. Furthermore it may be noticed that soil compaction seems somewhat higher in the parcels 287 and 277 which are located in the depression, whathever the kind of tillage. This subject will be brought up again.




It is not possible in this paper to detail all the results that have been obtained thanks to this method (7), so we will only reproduce some photographs (Fig. 5, 6, 7) which are suitable tools to compare conventional and minimum tillages. In the first period which corresponds to the beginning of the spring and thus preceeds the soil tillage, (Fig. 5), the soil structure results only from the climatic action. Shrinkage occurs as a result of wetting and drying cycles (intensive rainfall in autumn followed by frost attaining -13,2° in February) and leads to higher porosity in the ploughed parcels than in the others. In ploughed parcels, macropores may ensure rapid drainage of water after rainfall, soil aeration, as they present a certain continuity in the vertical direction. In the minimum tilled parcels, distribution of pores is less homogeneous and it appears at first sight that the continuity between pores is not well ensured.
The situation becomes very different on parcels 277 and 287 located in the depression, in comparison with that of the plateau (Fig. 6). Whatever the tillage mode, the porosity has decreased, especially in the depther horizons. It may be assumed that small particles carried by running water from the plateau to the depression reduce the size of pores.
After sowing (Fig. 7), it becomes clear that the surface soil has been loosened, but subsequent consolidation occurs at depth. The porosity seems to be higher in minimum tillage and more homogeneous in conventional tillage.

Figure 5: The effect of conventional and minimum tillages on soil structure. Situation before spring tillage (7).

Figure 6: The effect of conventional and minimum tillage on soil structure. Situation before spring tillage (7).


Figure 7: The effect of conventional and min. tillage on soil structure. Situation after sowing (7).


Measurement of soil microrelief
Fig. 8 gives the power spectral density for plough and minimum tillage, during three periods, immediately after sowing winter barley in September and at intervals of respectively 168 and 53 days (3). At the beginning of the measurements, the curves relative to power spectra are very similar for both treatments, especially concerning small wavelengths. Furthermore, a maximum value for the curve relative to plough tillage appears at a wavelength of about 40 mm: the power spectrum is affected by large clods in the seedbed, which are transported to the surface by the sorting effect of the rotary harrow used for seedbed cultivation. The curve relative to minimum tillage shows a lesser proportion of clods of characteristic length of 40 mm: in fact, distribution of clods on the soil surface is far more heterogeneous. This last curve illustrates another significant fact: the existence of a peak value for a wavelength of 160 mm. This can be explained by the action of the tines of the sowing machine, which are precisely spaced at 160 mm and create furrows in the soil. Under climatic stresses, the global roughness of the soil decreases: for both treatments, Fig. 8 indicates the lesser contribution of small wavelengths to power spectral density. For plough tillage, the predominance of clods of about 40 mm has disappeared, while for minimum tillage the presence of furrows spaced every 160 mm remains apparent, with a smaller amplitude however.

Figure 8: Power spectral density.


The autocorrelation coefficients also give precious information about the existence of periodicities on the ground and the evolution of soil behaviour under climatic stresses (Fig. 9).
At the beginning of the measurements, the autocorrelation coefficients are characterized by a very steep slope for small values of lags. Under climatic stresses, it becomes clear that for the plough the random part of the signals decreases ensuring the appearance of periodicities. The curve of May 1986 shows a half period equal to 200 mm. This can be imputed to the marks of the plough share which has a width of precisely 400 mm. The slopes of the curves, relative to both treatments and concerning small lag values, become less steep with the climatic stresses. This indicates a better correlation between one particle and its neighbours, proving the phenomena of welding of small clods. This soil degradation may be represented mathematically by means of a "Fine Roughness" parameter R* corresponding to the absolute value of the slope of the straight line obtained by least square method for values of lags comprised between 0 and 10 mm and drawn from the point on the ordinate axes, with (0,1) coordinates.





In Table 2, parameter R* clearly shows the differenciated evolution for the two treatments. Above all, one notice the great smoothing of microrelief relative to plough tillage, which occurs during the time elapsed between the measurements. This can be correlated with the values of aggregate stability (Table 3).
Table 3:   Water stability of aggregates in function of the treatments (03/86).








Conventional and minimum tillage are compared on the basis of three physical measurements, on soils whose textural analysis and topography are specified in the text.
After conventional tillage, the dry bulk density is lower in the upper horizons than after minimum tillage. This information should not be taken as irrefutable but should be analysed by taking into account the local conditions of soil texture and topography. It has been shown that ploughed soils located in depressions may have the same porosity values as soil located on plateaux with minimum tillage practice.
The dry bulk density can be ascertained more precisely by resin impregnation of soil samples in order to show pore size, shape, orientation, ... It seems that in the upper
horizons porosity resulting from conventional tillage is more homogeneous than that created by minimum tillage. To what extent may this fact be important from an agronomical point of view? This needs further investigation and will certainly depend on the kind of crop grown.
The evolution of soil microrelief, which is very accurately assessed by means of a contactless profilemeter, is characterized with quite rapid welding of small clods in conventional tillage, resulting in the possible creation of soil crusts.
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